Introduction
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1 he physical complexity of higher organisms arises during embryogenesis through the interplay of cellintrinsic lineage and cell-extrinsic signalling. Instructive cell-cell interactions are crucial in vertebrate development from the earliest establishment of the body plan to the patterning of the organ systems to the generation of diverse cell types during tissue differentiation (reviewed in [ 1-31). I hiring the past century of experimental enibryology, the spatial origin of many important embryonic inductive signals has been defined by various ablation and transplantation experiments. Jlowever, tor many of these inductive interactions, the molec d e s mediating the signals have not been identified. I;or example, the organization of neural and mesodermal structures along the body axis is known to be regulated by a complex series of signals originating from the ventral midline (Figure la) . Signals from the notochord direct the differentiation of the floor plate, a specialized group of ventral midline neural tube cells [ 4-81, Subsequently, both the notochord and the floor plate produce instructive signals which determine the identity of ventral neuronal cell types such as motor neurons [8] [9] [10] [11] [12] [13] [14] .
In addition, signals from the floor plate are responsible for the orientation and direction of commisAbbreviations used: CNS. central nervous system; %PA, zone of polarizing activity. *To \z horn correspondcmce should bc addressed. surd neuron outgrowth [IS] . Hesides The molecular architects of these processes are beginning to be revealed. Recently, we [ 221 and others [23] [24] [25] have identified a potentially secreted protein, Sonic hedgehog, which appears to be a key mediator of the activity of the ZPA. When ectopically expressed early in limb development, Sonic profoundly affects the pattern of skeletal structures of the limb [22] . More specifically, when introduced on the anterior side of the limb bud, ectopic Sonic leads to mirror-symmetric duplications of digits much like those induced by the %PA. In addition to its dramatic effect on limb development, Sonic can Sonic hedgehog is a vertebrate homologue of the Drosophila segment polarity gene product hedgehog Sonic hedgehog was isolated by virtue of its similarity to the Drosophila gene hedgehog. An amino acid compilation of Drosophila hedgehog [26, 27] along with the chicken [22] , mouse [23] , rat 1251 and zebrafish [24] Sonics are shown in Figure 2 . All vertebrate sequences suggest that they are secreted molecules, as they have consensus signal sequences at their N-termini (underlined). Drosophila hedgehog has an N-terminal extension relative to the vertebrate sonics which have been postulated to be cleaved during processing [26] . The vertebrate Sonics are very similar to each other: a putative signal peptide at the N-terminus is followed by an extraordinarily similar 182-amino-acid region (99% identity in chicken versus mouse/rat and 95% identity in chicken versus zebrafish) and a less well conserved C-terminal region. The sequence similarity between vertebrate Sonics and fly hedgehog has been extended to functional homology in that the zebrafish Sonic can mimic the effects of Drosophila hedgehog when ectopically expressed in flies (241. In addition to Sonic hedgehog, at least two other vertebrate hedgehogs have been isolated in mouse [23] and three in zebrafish [24] . In the chicken, an additional hedgehog has been identified by PCR and a third is suggested by Southern hybridization (D. Riddle 
Expression of Sonic hedgehog during development
Comparison of Sonic expression during chick, fish, and mouse embryogenesis reveals that they share all major sites of expression (R. I,. Johnson 
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Functional analysis of Sonic in chick limb development
Anterior-posterior patterning of the limb is believed to be controlled by the ZPA, a specialized region of posterior limb mesenchyme [ 181. The ZPA has been proposed to be a source of a morphogen whose concentration sets the identity of digits in the developing limb bud [32] . According to this model, tissue which senses a high level of ZPA morphogen will give rise to digits of posterior character, and tissue which is exposed to lower levels of the morphogen will develop into more anterior digits. Retinoic acid has been hypothesized to be the morphogenetic substance produced by the ZPA [33] . Indeed, retinoic acid is present at higher levels in the posterior limb bud 1.141 and when a bead soaked in appropriate concentrations of retinoic acid is implanted into the anterior margin of a limb bud it can exactly mimic the morphological duplications observed with ZPA grafts [XI. However, several lines of evidence cast doubt on the validity of the retinoic acid morphogen model [36-391. First, retinoic acid induces the expression of the #?-retinoic acid receptor, while ZPA grafts do not [38] . Second, retinoic acid induces the formation of additional ZPA tissue, while ZPA grafts by themselves do not [39] . Finally, the proposed gradient of retinoic acid is only approximately two-fold, which in itself does not eliminate retinoic acid as a candidate morphogen but does suggest the need for a mechanism to amplify the gradient [ 36,371.
The coincidence of Sonic expression in the limb bud with the ZPA and its expression in other tissues which have been demonstrated to have polarizing activity, namely Hensen's node [ 401, the notochord and the floor plate [41] , suggested that Sonic might be the factor responsible for the polarizing activity of the ZPA. Indeed, when cells expressing recombinant chick Sonic are implanted into the anterior margin of the limb bud, mirrorsymmetric duplications akin to those produced by retinoic acid bead implants or by ZPA grafts result [22] . The relationship between Sonic and retinoic acid was clarified by the finding that retinoic acid has the ability to induce the expression of Sonic in anterior limb bud tissue. Interestingly, retinoic acidinduced Sonic expression was not uniform, but occurred only distal to the implanted bead in close proximity to the overlying apical ectodermal ridge [22] . This observation served to strengthen the correlation between expression of Sonic and ZPA activity in that a similar pattern of ZPA activity has been observed following retinoic acid bead implants [42] .
The discovery of Sonic will allow for a critical evaluation of the morphogen model of the ZPA. not known if it is readily diffusible within the limb bud. The determination of Sonic protein distribution by antibody staining may help clarify this issue.
However, in studies of the Drosophila homologue, it has been reported that diffusion only occurs after several cell diameters at most [43, 44] . It is unclear whether this distance would be sufficient to pattern the vertebrate limb. Alternatively, Sonic may act locally to induce the expression of other factors which then act to pattern the limb. The issue of whether Sonic is acting locally or at a distance will be an important one to resolve. If Sonic is indeed the sole factor produced by the ZPA, abrogation of its activity would provide strong evidence for a normal role of the ZPA in limb development, a subject of some controversy [45, 46] .
Sonic and dorso-ventral patterning of axial embryonic structures
Given that Sonic has the ability to act profoundly and non-cell-autonomously in influencing limb patterning, the prominent expression of Sonic in the notochord and ventral neural tube suggests that Sonic is also involved in inductive interactions mediated by these tissues. Both the notochord and neural tube have been shown in a variety of assays to have a number of inductive properties including: floor plate and motor neuron induction, promotion of ventral somite differentiation, and ventral foreand mid-brain organization. The potential roles of Sonic in these activities are evaluated individually below.
The floor plate requires signals from the underlying axial mesoderm for its differentiation [53] ) as well as the zebrafish mutant no fail [ 541 all affect the notochord in the embryonic tail region and all display an abnormal patterning of somite derivatives similar to those seen when the notochord is removed from the chick. One possible explanation for the phenotypes seen in naturally occurring or in experimentally induced notochord deficiencies is a lack or reduction of Sonic expression in axial structures. We are currently testing whether Sonic plays a regulatory role in somite patterning by ectopically producing Sonic protein in ovo during critical periods of somite differentiation.
In addition to a possible role in somite rnorphogenesis, Sonic is an excellent candidate for a signal mediating forebrain patterning. It is expressed in prechordal plate mesoderm at early neural tube stages as well as in ventral midline neural tissues. At later stages, expression of Sonic can be found at high levels in the midline of the forebrain. Although the floor plate does not extend rostral to the midbrain [ 55,501, functional significance has been ascribed to midline ventral fore-and mid-brain tissues in the proper organization of the telecephalon and the diencephalon. Evidence for this derives largely from the study of the zebrafish mutant cyclops [47] , in which the most severe phenotypes are found in the diencephalon and its derived structures. In addition, the volume of the forebrain is significantly reduced as a result of the specific deletion of midline neuronal tissues. The forebrain defect in cyclops can be partially or completely rescued by transplantation of wild-type cells to the embryonic shield [57] . Interestingly, in cases where complete rescue occurs, small numbers of wild-type cells are found in the forebrain or prechordal mesoderm, exclusively at the ventral midline. Thus, the effect of transplanted wild-type cells o n patterning of the rostral CNS in cyclops mutants is not cell-autonomous and probably reflects a signal from ventral midline cells which is critical for the proper differentiation and organization of the forebrain. Experiments involving transplantation of cyclops mutant cells which express Sonic will provide a direct test of this proposed role for Sonic in forebrain patterning.
Summary
Sonic hedgehog is expressed in several sites during embryogenesis which are known to be important in directing the development of neighbouring tissues, including Hensen's node, the notochord, the floor plate of the neural tube, and the posterior of the limb bud. A unity in signalling mechanisms utilized by these inducers was first indicated because they all can provide a source of limb polarizing activity, assayed by grafting into the anterior of a limb bud. The hypothesis that they share a common signal is substantiated by the fact that they all express Sonic. Moreover, ectopic expression of Sonic in vivo suggests that it is responsible for the polarizing activity of the ZPA and plays an important role in dorso-ventral patterning of the spinal cord. The isolation of Sonic heralds a new era in the investigation of the molecular mechanisms of these key inductive interactions in vertebrate development.
